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Abstract

Most diving seabirds and marine mammals have been found to regularly exceed their
theoretical aerobic dive limit (TADL). No animals have been found to consistently dive
for durations that are significantly shorter than their TADL. We attached time-depth
recorders to seven blue whales and fifteen fin whales (family Balaenopteridae). The
diving behavior of both species was similar, and we distinguished between foraging and
traveling dives. Foraging divesin both species were deeper, longer in duration, and
distinguished by a series of vertical excursions where lunge feeding presumably occurred.
Foraging blue whales lunged 2.4 (+ 1.13) times per dive, with a maximum of six times,
and average vertical excursion of 30.2 (+ 10.04 m). Foraging fin whaleslunged 1.7 (+
0.88) times per dive, with a maximum of eight times, and average vertical excursion of
21.2 (= 4.35m). The maximum rate of ascent of lunges was higher than the maximum
rate of descent in both species, indicating that feeding lunges occurred on ascent.
Foraging dives were deeper and longer than non-feeding dives in both species. On
average, blue whales dived to 140.0 (x 46.01) m and 7.8 (x 1.89) min when foraging, and
67.6 (£51.46) m and 4.9 (x2.53) min when not foraging. Fin whalesdived to 97.9
(£32.59) m and 6.3 (£1.53) min when foraging and to 59.3 (£29.67) m and 4.2 (+1.67)
min when not foraging.

The longest dives recorded for both species: 14.7 min for blue whales and 16.9 min for
fin whales were considerably shorter than the TADL of 31.2 and 28.6 min, respectively.
An allometric comparison of marine mammals diving to an average depth of 80-150 m
indicated that Balaenopteridae whales, with a mean dive duration of 6.8 min, dived for
durations that were 10.7 min shorter than predicted. Thus the short dive durations of blue
whales and fin whales cannot be explained by the shallow distribution of their prey. We
propose instead that short duration diving in large whales results from either: 1) dispersa

behavior of prey, or 2) ahigh energetic cost of foraging.
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I ntroduction

Blue whales (Balaenoptera musculus) and fin whales (B. physalus) are the largest
animals on earth. Adult blue whales average 24.7 min length and 92,671 kg in weight
(Nishiwaki 1950). Finwhales average 21.2 m in length and 52,584 kg in weight
(Nishiwaki 1950). Aswith the rest of baleen whales, the two species feed by filtering
prey through baleen plates that hang from the roof of the mouth. However blue whales
and fin whales capture their prey by lunge feeding. During alunge, rorquals capture food
by swimming rapidly at a prey school and opening the mouth to engulf large quantities of
water and schooling prey as the tongue moves downward and backward (Kawamura
1980; Lambersten 1983). Blue whales feed ailmost exclusively on euphasiid crustaceans
while fin whales feed on planktonic crustaceans, including euphasiids, and pelagic
shoaling fish (Kawamura 1980). Dueto their large size, baleen whales require large
concentrations of food (Brodie et al. 1978; Macaulay et a. 1995; Wishner et a. 1995).
Thus, blue whales feed on dense aggregations of euphasiids, at |east two orders of

magnitude greater than background levels (Croll et al. inrev.).

An animal that divesto forage must return to the surface before its O, reserves are
exhausted, assuming that it makes an aerobic dive (Houston and Carbone 1992; Boyd
1997). Thuslarge animals should dive longer than small animals since oxygen stores
increase and mass-specific metabolic rate decrease with body size (Costa 1991). This
relationship between mass specific oxygen stores and diving metabolic rate has led to the
development of the concept of the aerobic dive limit (Kooyman et al. 1980). The aerobic
divelimit (ADL) is defined as “the maximum breath-hold that is possible without an
increase in the blood lactic acid concentration during or after adive’. The theoretical
aerobic dive limit (TADL) isthus calculated by estimating the O, stores and diving

metabolic rate of a species, usually based upon body mass (Kooyman 1989). While Boyd
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and Croxall (1996) and Boyd (1997) have found that many seabirds and some pinnipeds
routinely exceed this limit, few field-based studies have described diving behavior where

dive duration are typically much less than the TADL.

Baleen whales dive to shallower depths and for shorter periods than would be
predicted from an alometric consideration of their body size (Schreer and Kovacs 1997).
This has been explained as a consequence of prey being found in relatively shallow
waters (Schreer and Kovacs 1997). In agenera sense, theoretical models support this
explanation, but such arguments have never been applied to the largest diving animals
(blue and fin whales) using field measurements of diving behavior. Recent studies that
have measured the depth distribution of the euphausiid prey of large whales have shown
that large euphasiid concentrations that are important in the diet of blue and fin whales
aretypically found at depths exceeding 100 m (Sardou et al 1996; Croll et al. 1998; Croll
eta.inrev.). Furthermore, if blue and fin whales dive for short periods of time because
thelir prey islocated at shallow depths, foraging theory would predict that their dive times
should be longer than that of smaller species that are smaller in size yet diving to asimilar
depth. Here we 1) describe the foraging and non-foraging dive behavior of blue whales
and fin whales, 2) relate body mass and dive time of several families of diversin which
individuals dive to depths close to 100-150m, and 3) calculate the TADL of blue whales

and fin whales, and compare it to field measurements of their dive times.

M aterials and M ethods

Data collection

The diving behavior of seven blue whales and fifteen fin whales was measured
between 1995 and 1999 using attached time-depth recorder packages (Tables 1, 2).
Recorders remained attached for 5.7 + SD 3.10 h in blue whalesand 14.4 + SD 9.36 hin
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fin whales. Whaleswere tagged in Bahiade La Paz, Mexico (24°30'N, 110°30'W);
Bahiade Loreto, Mexico (25°42'N, 111°09'W); Monterey Bay, USA (35°34'N,
112°00'W); and the Channel Islands, USA (34°00’N, 120°30'W).

The tags and methodol ogy employed to attach them are described in Croll et al.
(1998). Briefly, tags were attached to the dorsal surface of the whale 2 — 3 m caudal of
the blowhole using a compound crossbow. They were deployed from a small skiff (< 7
m). Each tag had three components: 1) a Wildlife Computers (Redmond, Washington)
Mk 5 time/depth/temperature recording device (TDR), 2) a VHF radio transmitter
(Advance Telemetry Systems, Isanti, Minnesota) to track the tagged whale, and 3) aradio
activated rel ease mechanism (Jamie Stamps, Livermore, California). Time, depth, and
temperature were logged at 1-sintervals. Upon tagging each whale was followed in a 15-
m vessel at a distance of 100-200 m. The behavior of each tagged whale was observed
and recorded every surface interval. We recorded location, direction of movement, and
proximity of conspecifics. Once the tag was released from the whale, we localized it

using the directional VHF system.

Dataanalysis

Dive data were analyzed using software provided by the TDR manufacturer (Dive
Analysis, Wildlife Computers). We considered each individual whale an independent
observation and calculated median values for dive parameters for individual whales.
These median values were then averaged across whales to produce mean values for each
species. Dives were defined as submergences that exceeded 20 m in depth. We report
dive depth as the maximum depth that a whale reached during adive. The program
recorded maximum rates of ascent and descent when whales were lunging (defined
below) and when they were traveling to and from the surface. We call the latter rates of

ascent and descent of the dive. These rates were measured in m s* and are likely
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underestimates because the program assumes that whales moved at a 90° angle with
respect to the surface of the water. Visual inspection of the dive profile revealed that
whal es often made a series of ascending and descending vertical excursions exceeding
8m during the dive. We defined each excursion as aforaging lunge and estimated the

number of lunges for each dive.

Dive behavior- Whales were considered to be foraging if the profile of time versus
depth in the computer showed one or more lunges during the dive (Figs. 1a, 2a), and non-
foraging if no lunges were recorded (Figs. 1b, 2b). We compared dive depth and dive
time between foraging and non-foraging dives of individual whales with a paired-sample
t test (Zar 1996). Because we conducted two different tests significance was assessed at p
=0.03. We also compared the speed of ascent and descent of lunges between foraging
and non-foraging whales with a paired-samplet test (Zar 1996). We compared
occurrence of foraging dives and dive depth according to time of day with a paired-
samplet test (Zar 1996). Because we conducted two different tests significance was

assessed at p = 0.03.

Divetime vs. body mass- To examine allometric relationship between dive duration

and body mass across taxonomic groups of divers, we averaged the dive times of species
belonging to the same family. We only analyzed studies in which the species doveto a
depth of 80-150 m to ensure that differencesin the duration of the dive were not related
to differencesin the depth of the dive. A regression of body mass and dive time was
conducted between the following families: Sphenisciidae, Otariidae, Phocidae, Ziphiidae,
and Monodontidae. From the fitted curve we estimated the predicted dive time of an
animal having the same mass of a Balaenopteridae whale (average mass of blue, fin and

humpback whales; Table 3). We aso estimated the predicted dive time of an animal
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having the same mass of a Balaenidae whale (average mass of right and bowhead

whales), which is similar to the body mass of blue whales and fin whales (Table 3).

Theoretical aerobic dive limit (TADL)- We compared dive durations with calculated

TADLSs (Boyd and Croxall 1996). The TADLSs of blue whales and fin whales were
calculated following the methodology described by Kooyman (1989). We estimated
oxygen stores based on published values from other marine mammals (Table 4) and the
methodology of Shaffer et al. (1997). Basal metabolic rate was calculated from the
allometric equation of Kleiber (1961), and we utilized 4 x BMR as an estimate of diving
metabolic rate when foraging underwater following the convention of Boyd and Croxall
(1996). Marine mammals, including blue whales, extend their aerobic dive time by
gliding underwater (Williams et al. 2000). In Wedell seals (Leptonychotes wedelli) the
reduction in oxygen consumption due to this behavior averages 27.8 % (Williams et al.
2000). We assumed a similar reduction in recovery oxygen consumption for blue whales

and fin whales (Table 4).

Results

We recorded 231 dives from seven tagged blue whales (Table 1). The maximum
dive depth was 204 m and the maximum duration of adive was 14.7 min. We recorded
1152 dives from 15 tagged fin whales (Table 2). The maximum dive depth was 306 m

and the maximum duration of adive was 16.9 min.

Dive behavior

Foraging dives were deeper and longer than non-feeding dives in both blue and fin
whales (Figs. 2, 3). Blue whales dove to 140.0 + SD 46.01 m when foraging and to 67.6
+ SD 51.46 m when not foraging (paired-t test: ts = 3.25, p = 0.017, Fig. 3a). They dove
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for 7.8 £ SD 1.89 min when foraging and for 4.9 £ SD 2.53 min when not foraging
(paired-t test: ts = 2.91, p = 0.027, Fig. 3b). Fin whalesdoveto 97.9 £ SD 32.59 m when
foraging and to 59.3 = SD 29.67 m when not foraging (paired-t test: ti4 = 4.46, p < 0.001;
Fig. 4a). They dovefor 6.3 £ SD 1.53 min when foraging and for 4.2 £ SD 1.67 min
when not foraging (paired-t test: t;4 = 8.22, p < 0.001, Fig. 4b).

Foraging blue whales lunged 2.4 + SD 1.13 times, with a maximum of six times;
foraging fin whales lunged 1.7 = SD 0.88 times, with a maximum of eight times(n=7
blue whales and 15 fin whales). Vertical excursions during lunges averaged 30.2 + SD
10.04 min bluewhalesand 21.2 £ SD 4.35 min fin whales (n = 7 blue whales and 15 fin
whales). The maximum rate of ascent of lunges was higher than their maximum rate of
descent (paired-t test, blue whales: ts = 2.95, p = 0.026, Table 1; fin whales: t;4 = 2.80, p
=0.014, Table 2).

Divetime vs. body mass

There was a positive relationship between dive time and body mass in the five
taxonomic families analyzed (r? = 0.80, F1 5 = 16.58, p = 0.027, Fig. 7). The observed
dive time of the family Balaenopteridae (6.9 min — including humpback whales) was 10.7
min below the predicted value for an animal with their body mass (62,217 kg). If we
include the family Balaenopteridae in the regression, the coefficient drops significantly (r?
=0.11, F4=1.59, p=0.276). In contrast, the observed dive time of the family
Balaenidae (15.3 min) was 2.1 min below the predicted value for an animal with their
body mass (60,605 kg). If we include the family Balaenidae in the regression, the
coefficient raises notably (r* = 0.85, F; 4, = 28.83, p = 0.006).
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Theoretical aerobic dive limit (TADL)

Dive duration as a proportion of the TADL followed a unimodal distribution in both
blue whales and fin whales (Fig. 8a, 8b). The median dive time represented 19% and
17% of the TADL in blue whales and fin whales, respectively. The longest dive observed
represented 47% of the TADL in blue whales and 59% in fin whales.

Discussion

Foraging dives were longer and deeper than non-foraging dives in both blue whales
and fin whales (Figs. 3-6). The depth of foraging dives we measured was related to the
depth at which prey were concentrated (Croll et al. 1998). Our data also indicate that blue
whales and fin whales fed mostly at depth and rarely at the surface, which highlights the
importance of remote-sensing techniques to understand the behavior of whales. The
higher rates of ascent vs. descent during lunges suggest that prey capture generally takes
place during the ascending portion of the lunge. Under this scenario, whales may perform
severa foraging lunges during an individual dive, and whales close their mouths and
expel water during the descending portion of the lunge (with little need for fast swimming
during descent). Thisframework is also consistent with observations of blue whales

gliding during the descent part of alunge (Williams et a. 2000).

Blue whales and fin whales did not dive for long periods of time. The maximum
dive times we recorded for blue whales and fin whales (14.7 and 16.9 min, respectively)
are similar to those reported in the literature: blue whales 16.4 — 26.9 min (Donovan
1984, Strong 1990; Lagerquist et al 2000), fin whales 12.6- 25.9 min (Strong 1990;
Panigada et al. 1999). Unlike all species of diver studied to date, blue and fin whales
never exceeded their TADL of 31.2 and 28.6 min respectively. Anecdotal evidence

indicates that blue whales and fin whales are able to dive for aslong as 50 and 30 min,
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respectively (Leatherwood et al. 1982). However these appear to be casesin which
whales found themselvesin life-threatening situations (Leatherwood et al. 1982). In
contrast, most seabirds and some pinniped species regularly exceed their TADL (Boyd
and Croxall 1996; Boyd 1997). Even species that usually dive below their TADL, such
asthe Antarctic fur seal (Arctocephalus gazella), occasionally exceed thislimit (Boyd
and Croxall 1996).

Why do Balaenopteridae whales dive for durations so much less than their TADL?
Comparison of dive depth with the reported depth distribution of prey does not support
the hypothesis that Balaenopteridae whales dive for short durations due to the shallow
distribution of their prey asit is generally found in depths exceeding 100m (Croll et al.
1998, Croll et al. in press). Two possibilities may explain the short duration of divesin
comparison with the TADL for large whales: 1) dispersal of prey during foraging lunges
leads to sub-optimal densities of prey during the course of aforaging dive, or 2) we have
underestimated the metabolic cost of foraging lungesin our calculation of TADL. We
believe that a high cost of lunging is the most likely explanation because hydroacoustic
measurement of euphausiid densities in the presence of foraging whales do not indicate
reduced prey densities (Croll et a. 1998). Furthermore, the rapid swimming necessary
for successful lunge feeding is likely energetically costly and thus would deplete oxygen
stores and reduce dive time (Costa 1991). A similar explanation has been proposed to
explain foraging divesin Antarctic fur seals, which appear to dive with a high metabolic
rate (Boyd et al. 1995) and rarely exceed their TADL (Boyd and Croxall 1996). The
argument that lunging is a costly behavior would also explain the discrepancies between
rorquals and right whales when diving at similar depths (Fig. 7). Right whales move
slowly while skimming small planktonic prey through the water column (Pivorunas
1979). Their speed at the bottom averages 0.7 m - s* (Goodyear 1995) and their foraging
diveslasts up to 30 min (Wursig and Clark 1993). We hypothesize that foraging costs are
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low in right whales, allowing them to forage for longer periods underwater on prey which
is not as densely aggregated, and high in Balaenopteridae whales, forcing them to forage
for relatively short periods.
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Figure Legends

Fig. 1- A) A series of foraging dives made by a blue whale. The spikes at the bottom of
the dive are interpreted as lunges.

B) A series of non-foraging dives made by a blue whale.

Fig. 2- A) A series of foraging dives made by afin whale. The spikes at the bottom of
the dive are interpreted as lunges.

B) A series of non-foraging dives made by afin whale.

Fig. 3- A) Frequency distribution of depth of dive in blue whales relative to behavior.

B) Frequency distribution of duration of dive in blue whales relative to behavior.

Fig. 4- A) Frequency distribution of depth of divein fin whales relative to behavior.

B) Frequency distribution of duration of divein fin whales relative to behavior.

Fig. 5- Relationship between body mass and dive time of animals diving to an average
depth of 80-150 m. Fitted curve: y = -2.946 + x1.847 (excluding Balaenidae and

Balaenopteridae). Vaues and references are listed in Table 3.

Fig. 6- A) Frequency distribution of duration of divein blue whales relative to the
theoretical aerobic divelimit (TADL).

B) Frequency distribution of duration of divein fin whalesrelativeto TADL.
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